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We experimentally demonstrate a negative Kerr nonlinearity for quasi-undoped graphene. Hereto,
we introduce the method of chirped-pulse-pumped self-phase modulation and apply it to graphene-
covered silicon waveguides at telecom wavelengths. The extracted Kerr-nonlinear index for graphene
equals n2,gr = −10
−13 m2/W. Whereas the sign of n2,gr turns out to be negative in contrast to what
has been assumed so far, its magnitude is in correspondence with that observed in earlier experi-
ments. Graphene’s negative Kerr nonlinearity strongly impacts how graphene should be exploited
for enhancing the nonlinear response of photonic (integrated) devices exhibiting a positive nonlin-
earity. It also opens up the possibility of using graphene to annihilate unwanted nonlinear effects in
such devices, to develop unexplored approaches for establishing Kerr processes, and to extend the
scope of the “periodic poling” method often used for second-order nonlinearities towards third-order
Kerr processes. Because of the generic nature of the chirped-pulse-pumped self-phase modulation
method, it will allow fully characterizing the Kerr nonlinearity of essentially any novel (2D) material.
I. INTRODUCTION
The emergence of graphene, a 2D honeycomb lattice of
carbon atoms with a linear electronic band structure, has
had an enormous impact on numerous research areas, in-
cluding that of nonlinear optics. Already in 2010 Hendry
and co-workers found the Kerr nonlinearity of graphene
[? ] to be extremely strong – a direct result from the
material’s unique band structure – [1], and this exper-
imental observation attracted much attention from the
broad community working on advanced Kerr-nonlinear
light generation phenomena such as supercontinuum and
frequency-comb generation [2–4]. To extract graphene’s
Kerr nonlinearity, Hendry et al. used “free-space” laser
excitation to establish four-wave mixing (FWM) in a
graphene sample, and later on also free-space Z-scan mea-
surements [5] were employed for this purpose. Mean-
while, the ever-increasing importance of integrated pho-
tonics encouraged researchers to combine graphene’s non-
linear optical properties with on-chip (semiconductor)
waveguide structures [6–9]. Covering a waveguide with
graphene dramatically changes the waveguide’s nonlinear
behavior because of the interaction between the evanes-
cent tails of the guided mode and the 2D top layer. De-
spite graphene’s very strong Kerr nonlinearity as was
already demonstrated in 2010, a rather limited number
of on-chip nonlinear-optical graphene devices have been
reported on so far, and they mostly rely on FWM in
graphene-covered silicon waveguides [6–9]. To pave the
way to a more varied exploitation of graphene in non-
linear photonic integrated circuits and enable advanced
nonlinear light generation, not only the strength or mag-
nitude of graphene’s Kerr nonlinearity has to be known
but also its sign needs to be measured, since the lat-
ter determines whether the nonlinear effects induced by
the graphene and the underlying waveguide add or sub-
tract. The Kerr coefficient of the graphene cover layer
has been (tacitly) assumed to be positive in the demon-
strated FWM devices, but in fact FWM intrinsically only
allows measuring the coefficient’s magnitude and not its
sign. If with another method one can also assess the
sign, this knowledge will enable researchers to fully ex-
ploit graphene’s promise as efficiency-enhancing material
in essentially any nonlinear photonic system. In this ar-
ticle, we examine both the magnitude and the sign of
graphene’s Kerr nonlinearity using a different approach,
namely by means of chirped-pulse-pumped self-phase
modulation (SPM) experiments in graphene-covered sil-
icon waveguides.
II. BASIC PRINCIPLES OF
CHIRPED-PULSE-PUMPED SPM
The following explanation on the physics of the
chirped-pulse-pumped SPM approach shows that, as op-
posed to FWM experiments, it does enable assessing the
sign of a material’s Kerr nonlinearity. SPM is a Kerr
process that broadens or narrows the spectral width of
an input laser pulse [10, 11]. This broadening or narrow-
ing effect can become very pronounced even at modest
excitation powers, provided that the input pulse exhibits
chirp. Let us consider a waveguide section of length ∆z
in which a pulse propagates with amplitude A(z, t) =
|A(z, t)| exp [iϕ(z, t)]. For a Fourier-transformed ampli-
tude A˜(z, ω − ω0) centered at frequency ω0, the square
of the rms spectral width can be written as µ2(z) =
(
∫
∞
−∞
(ω − ω0)2|A˜(ω − ω0)|2dω)/(
∫
∞
−∞
|A˜(ω − ω0)|2dω)
[11, 12], which in the time domain can be expressed
as µ2(z) = (
∫
∞
−∞
|∂tA|2dt)/(
∫
∞
−∞
|A|2dt) [11]. For the
2experiments reported in this Letter, the pulse propa-
gation is mostly determined by Kerr-nonlinear effects
rather than dispersion and free-carrier effects (which was
also verified numerically with the inclusion of graphene-
generated free carriers [12, 13]). Hence, we can adopt a
simplified version of the nonlinear Schro¨dinger equation
incorporating only SPM effects and linear loss: ∂zA =
−(α/2)A+ iγ
K
|A|2A, with γ
K
the Kerr nonlinearity and
α the linear loss coefficient. This yields:
|A(∆z, t)|2 = exp[−α∆z]|A(0, t)|2
ϕ(∆z, t) = ϕ(0, t) + γ
K
|A(0, t)|2∆zeff (1)
where ∆zeff = [1− exp(−α∆z)] /α represents the ef-
fective length. When rewriting A(0, t) as A(0, t) =√
P0U0(t) exp [iϕ0(t)] with P0 the input peak power, im-
plementing Eq. (1) in µ2(z) results in the following
expression for the relative spectral broadening factor
µ2(∆z)/µ2(0) after propagation over ∆z:
µ2(∆z)
µ2(0)
= 1 +
2γ
K
P0∆zeffσ3/σ1 + (γKP0∆zeff)
2σ4/σ1
1 + σ2/σ1
(2)
with σ1,2,3,4 being the input pulse shape factors:
σ1 =
∫
∞
−∞
(∂tU0)
2dt∫
∞
−∞
U20dt
σ2 =
∫
∞
−∞
(∂tϕ0)
2U20dt∫
∞
−∞
U20dt
σ3 =
∫
∞
−∞
(∂tϕ0)(∂tU
2
0 )U
2
0dt∫
∞
−∞
U20dt
σ4 =
∫
∞
−∞
(∂tU
2
0 )
2U20dt∫
∞
−∞
U20dt
.
(3)
When assuming a quadratic input phase profile ϕ(0, t) =
−C0t2/T 20 with input chirp parameter C0, Eq. (2) yields:
µ2(∆z)
µ2(0)
= 1+
2γ
K
P0∆zeffC0σ31 + (γKP0∆zeff)
2σ41
1 + 4C20 σ21
(4)
with the new dimensionless shape factors σ21,31,41 all hav-
ing positive values determined by:
σ21 =
1
T 40
∫
∞
−∞
t2 U20dt∫
∞
−∞
(∂tU0)2dt
σ31 =
1
T 20
∫
∞
−∞
U40dt∫
∞
−∞
(∂tU0)2dt
σ41 =
∫
∞
−∞
(∂tU
2
0 )
2 U20dt∫
∞
−∞
(∂tU0)2dt
. (5)
For a Gaussian pulse with U20 = exp(−t2/T 20 ) and a sech2
pulse with U20 = sech
2(t/T0), these shape factors be-
come, respectively: σ21 = 1 and π
2/4; σ31 =
√
2 and 2;
σ41 = 4/(3
√
3) and 32/35. We point out that for C0 = 0
only the term containing σ41 remains, and the formula
reported in [11] is recovered.
FIG. 1. Illustration of the broadening factor dependence on
the input chirp parameter for a silicon waveguide and for
Gaussian and sech2 input pulses as used in our experiments.
Eq. (4) in fact corresponds to earlier presented SPM
formulas [10, 11], while also taking into account the in-
put chirp parameter. In the high-power regime, the term
proportional to (γ
K
P0∆zeff)
2 in Eq. (4) will be dominant,
and the broadening factor will be larger than 1 with the
highest value attained at C0 = 0, i.e. for a transform-
limited input pulse [14]. At low powers, however, the
term proportional to 2γ
K
P0∆zeffC0 becomes important,
and depending on the sign of γ
K
C0 [? ], the broaden-
ing factor can either be larger or smaller than 1 (i.e. one
has either broadening or narrowing), with a maximum or
minimum value at a non-zero chirp. As such, when excit-
ing a waveguide with a moderate-power pulse exhibiting
an appropriately chosen chirp C0, the nature of the spec-
tral width modification, i.e. broadening or narrowing, will
indicate the sign of the waveguide’s Kerr nonlinearity γ
K
.
This is also illustrated in Fig. 1 depicting the spectral
broadening factor of Eq. (4) as a function of C0 for a
silicon waveguide (see further on), the Kerr nonlinearity
of which is known to be positive at wavelengths above
1000 nm [15]. In Fig. 1 the spectral broadening and nar-
rowing obtained at, respectively, substantially positive
and negative C0-values indeed unambiguously demon-
strate the positive sign of silicon’s Kerr nonlinearity [? ].
In a similar way, by carrying out chirped-pulse-pumped
SPM experiments with graphene-covered silicon waveg-
uides and factoring out silicon’s nonlinear response, we
can determine the sign of graphene’s Kerr nonlinearity.
III. EXPERIMENTAL SETUP AND RESULTS
To perform such chirped-pulse-pumped SPM experi-
ments, we employed grating-coupled bare and graphene-
covered silicon-on-insulator (SOI) waveguide structures
designed for operation around the 1550 nm telecom wave-
length, and all featuring the same layout for the gratings,
tapers and the actual waveguide section (see Fig. 2(a)).
The waveguide’s cross-section has a width of 450 nm and
a height of 220 nm which is standard for SOI chips fabri-
3cated by ePIXfab [16]. Because of the identical layouts of
the bare and graphene-covered SOI waveguides, the bare
waveguide can serve as a reference structure with a well-
known Kerr nonlinearity magnitude and sign at 1550 nm.
We also considered this waveguide for plotting the theo-
retical broadening factor in Fig. 1, where we applied the
model of Eq. (4) to the taper and waveguide sections in
a cascaded way. Hereto, we used αSOI = 3 dB/cm and
γSOI = +0.3 W
−1mm−1 [12] in the waveguide section,
and we assumed a scaling of these parameters inversely
proportional with the waveguide width in the tapered
sections. The graphene deposition on the waveguides has
been described in our earlier work [17]. Chemical-vapor-
deposition-grown graphene was transferred on the SOI
chip, inducing a high linear waveguide loss of αgr-on-SOI =
1320 dB/cm at 1550 nm, and the layer was patterned to
vary the length of the graphene sections on top of the
waveguides [17]. The Fermi energy of the graphene sheet
was about −0.2 eV as a result of weak unintentional dop-
ing induced by the transfer process itself [18], so that at
1550 nm we were operating in graphene’s high-loss regime
above its single-photon absorption threshold.
We carried out SPM measurements for both a positive
and negative input chirp using the experimental setup
shown in Fig. 2(b). The pulsed laser sources used to
excite the waveguides were a diode-pumped fiber laser
(Calmar FPL-02CTF-POL; Source (1) in Fig. 2(b)) and a
fiber-coupled optical parametric oscillator or OPO (APE
Levante IR with a variable optical attenuator or VOA;
Source (2)) generating, respectively, Gaussian pulses at
a repetition rate of 40 MHz and sech2 pulses at a rep-
etition rate of 80 MHz. The pulses were coupled into
and out of the waveguides by means of flat-cleaved fiber
probes positioned above the waveguides’ grating couplers
at an angle of 9◦ with respect to the vertical axis. We
ensured excitation of the Transverse Electric (TE) mode
in the waveguides using a fiber-based polarization con-
troller (PC). To monitor the input spectrum, a 99:1 cou-
pler was inserted in the setup to split off 1% of the laser
power towards a fiber-coupled optical spectrum analyzer
or OSA (Yokogawa AQ6370D) just in front of the incou-
pling fiber probe. Simultaneously with the input spec-
trum, the output spectrum was measured with a sec-
ond fiber-coupled optical spectrum analyzer just behind
the outcoupling fiber probe. Prior to the SPM mea-
surements, we measured the pulses’ temporal character-
istics by means of a frequency-resolved optical gating
(FROG) instrument (Coherent Solutions HR150). The
actual SPM measurements consisted of simultaneously
recording the rms spectral widths of the input and out-
put spectra for the waveguides with graphene lengths
varying from 0 to 250 µm in steps of 50 µm.
For the experiments with a positive input chirp, we
employed the diode-pumped fiber laser set at an op-
eration wavelength of 1550 nm, with the laser pulses
guided over 5 m of G.652 single-mode fiber (SMF) to-
wards the waveguides. The measured temporal power
and phase profiles as shown in Fig. 3 yield a full-width-
taper
(height: 0.22um;
width: from 10um 
to 0.45um)
taper gratinggrating
(period: 0.62um;
duty cycle: 0.49;
etch depth: 70nm) 
SOI waveguide with 
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(height: 0.22um;
width: 0.45um)
200um 200um400um
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FIG. 2. (a) Outline of the employed waveguide structures.
(b) Experimental setup for the SPM measurements.
at-half-maximum pulse length TFWHM,0 = 1.2 ps and
a fitted chirp parameter C0 = 0.8. The latter was ex-
tracted from the quadratically fitted phase profile indi-
cated as the dotted line in Fig. 3. The peak power cou-
pled into the waveguide was set at 1.82 W. The measured
broadening factors as a function of the graphene length
on top of the waveguides are depicted in Fig. 4. Since
the input pulses were positively chirped, we observed for
the bare SOI waveguide (graphene length of 0 µm) with
γSOI > 0 spectral broadening as expected. The measured
broadening factor lies closely to the corresponding the-
oretical value at C0 = 0.8 in Fig. 1. The latter shows
that the simple theory of Eq. (4) without inclusion of
two-photon absorption or free-carrier effects is an ade-
quate model for our experiments with modest peak pow-
ers, relatively short pulse durations and short waveguide
lengths. For the SOI waveguides covered with graphene,
the level of spectral broadening is reduced with increas-
ing graphene length, and for sufficiently long graphene
sections even spectral narrowing is observed. We point
out that, since the graphene cover layers are situated in
the centre of the 400 µm-long waveguide sections [17],
all waveguides have an uncovered SOI section at the in-
put with γSOI > 0 establishing spectral broadening. As
shown in Fig. 4, this broadening is progressively coun-
teracted by the graphene-covered sections, which con-
sequently feature γgr-on-SOI < 0. This observation also
showcases that depositing graphene on another nonlinear
material will not always enhance the nonlinear response
of the material system and in some cases even annihilates
its nonlinear behavior.
The latter finding was also confirmed in our experi-
ments with a negative input chirp. Hereto, we employed
the OPO source tuned to a wavelength of 1553 nm. The
pulses at the free-space output of the OPO are slightly
positively chirped, but when coupled into a G.652 fiber
with an appropriately chosen length, a negative pulse
4FIG. 3. FROG-measured temporal power profile (solid blue)
and phase profile (solid red) of the input pulses with positive
chirp. The dotted green line is the quadratically fitted phase.
FIG. 4. Broadening factor vs. graphene length for a positive
input chirp. The analytical dashed curves serve for fitting.
chirp can be obtained at the output of the fiber. Indeed,
during propagation in the fiber, the pulses initially expe-
rience spectral broadening due to SPM effects in the fiber.
At the same time, they are compressed in time due to
the negative group velocity dispersion (β2 < 0) of G.652
single-mode fiber in the telecom window around 1550 nm.
As such, after having traveled a certain propagation dis-
tance, the pulses become transform-limited (C = 0), and
beyond this point, they acquire a negative chirp induced
by the fiber’s negative β2 [10]. Based on numerical simu-
lations, we found that 6 ps-long OPO pulses with a peak
power of 12 W at the fiber input would reach this regime
of negative chirp at a propagation distance of around
410 m. Fig. 5 shows both the measured and numerically
simulated temporal power and phase profiles at the out-
put of a 410 m-long fiber, as well as the quadratic fit of
the experimental phase. The pulse length and chirp pa-
rameter are found to be TFWHM,0 = 3 ps and C0 = −0.25,
respectively. The peak power that was coupled into the
chip was set at 1.677 W. Fig. 6 shows the measured
broadening factors as a function of the graphene length
on top of the waveguides. In view of the negative input
chirp, we observed for the bare waveguide with γSOI > 0
spectral narrowing, with again a very good match be-
tween the measured spectral narrowing and the corre-
sponding theoretical value at C0 = −0.25 in Fig. 1. For
FIG. 5. FROG-measured (solid lines) and numerically simu-
lated (dashed lines) temporal power profile (blue) and phase
profile (red) of the input pulses with negative chirp. The
dotted green line is the quadratically fitted phase.
FIG. 6. Broadening factor vs. graphene length for a negative
input chirp. The analytical dashed curves serve for fitting.
the waveguides with graphene on top, we found that this
narrowing is progressively counteracted by the graphene-
covered sections exhibiting γgr-on-SOI < 0.
Besides extracting the sign of γgr-on-SOI in the
graphene-covered waveguide sections, we also evaluated
its magnitude by fitting our model with the data points of
Figs. 4 and 6, while using only γ0,gr-on-SOI as a fitting pa-
rameter. In this case, we used the more generalized model
of Eq. (2) rather than Eq. (4), and again applied it to
both the taper and waveguide sections in a cascaded way.
Optimal fitting is achieved by minimizing the fitting error
σ =
√
(1/N)
∑N
i=1(xi − yi)2 with N the number of data
points, and with xi, yi the experimental and theoretical
broadening factors, respectively. For Figs. 4 and 6, the
optimal fitting was obtained for two very large, yet differ-
ent nonlinearity values: γgr-on-SOI = −1.176 W−1 mm−1
yielding σmin = 0.043, and γgr-on-SOI = −1.701 W−1
mm−1 yielding σmin = 0.022, respectively. However,
their average, −1.4(±0.4) W−1 mm−1 [? ], yields an
equally high-quality fitting of the experimental data. In-
deed, using γgr-on-SOI = −1.4 W−1 mm−1 results in
approximately the same fitting error as when employ-
ing the two different nonlinearity values (σ = 0.044 vs.
0.043 for Fig. 4 and σ = 0.024 vs. 0.022 for Fig. 6)
5[? ]. In contrast, a poor fitting is obtained when as-
suming the graphene-covered waveguide sections to ex-
hibit the same nonlinearity as the bare waveguide (i.e.
γgr-on-SOI = γSOI), which showcases the strong nonlinear
impact of the graphene cover layer.
IV. EXTRACTING THE KERR
NONLINEARITY OF GRAPHENE
From the value −1.4 W−1 mm−1 obtained for the
effective Kerr nonlinearity γgr-on-SOI in the graphene-
covered waveguide sections, we can extract the nonlinear-
ity of the graphene sheet itself using our earlier presented
weighted-contributions formalism for hybrid waveguides
[13]. Starting from the actual waveguide mode pro-
file in the presence of the graphene top layer and the
corresponding propagation characteristics, this formal-
ism, included in Appendix, calculates the weighted non-
linearity contributions of the graphene cover layer and
of the underlying silicon material to the effective non-
linearity γgr-on-SOI. Since γgr-on-SOI is the parameter
that we derived from the experiments, and since we can
readily calculate the weighted nonlinearity contribution
of the silicon waveguide, the formula in Appendix al-
lows extracting the nonlinearity of the graphene layer
itself. This is done in two steps: first, from the for-
mula we derive that, as most of the modal power re-
sides in the silicon material, the contribution of the sil-
icon to γgr-on-SOI = −1.4 W−1 mm−1 is given by γSOI
of the bare waveguide, and that of the graphene cover
layer equals (−1.4 − 0.3) = −1.7 W−1mm−1. Secondly,
by assessing specifically the expression for the graphene
contribution (i.e. the second term in the formula in Ap-
pendix), we then extract that the graphene sheet as an
isolated material features a Kerr-nonlinear index n2,gr
of about −10−13 m2/W or a susceptibility χ(3)gr around
−10−7 esu. Its magnitude is in line with earlier reported
graphene nonlinearity values [1, 6] but the negative sign
was not accounted for in those experiments. We point
out that our earlier presented calculations for the Kerr
nonlinearity of graphene [19–21], although underestimat-
ing its absolute value, do predict a negative sign for the
nonlinearity of quasi-undoped graphene at optical wave-
lengths, both in the ideal case of zero electron scattering
and in case of considerable inter- and intra-band scatter-
ing. The calculations show a negative Kerr nonlinearity
resonance at the single-photon absorption threshold, and
the negative nonlinearity sign persists also far above this
threshold.
V. CONCLUSION
In conclusion, using the chirped-pulse-pumped SPM
method introduced here – a generic method that al-
lows extracting both the magnitude and sign of the Kerr
nonlinearity of any novel (2D) material [22] –, we have
demonstrated a negative Kerr nonlinearity for quasi-
undoped graphene, whereas the magnitude of the ob-
tained value is in line with earlier experimental reports.
Our findings imply that, when using graphene to enhance
the nonlinear response of a photonic device or integrated
circuit with a positive nonlinearity, one needs to carefully
study how the 2D material should be implemented to ac-
tually achieve a net enhancement. Our results also show
that, when targeting the compensation of unwanted non-
linearities in such a device or circuit, graphene could be
of use as well. Finally, graphene’s negative Kerr nonlin-
earity can give rise to unexplored approaches for estab-
lishing Kerr interactions and even extend the scope of e.g.
the “periodic poling” method often used for second-order
nonlinearities [23] towards third-order Kerr processes.
Appendix: Weighted-contributions formalism
Below we briefly summarize the basic concepts of the
weighted-contributions formalism used for extracting the
graphene nonlinearity from the measured effective non-
linearity; for further details about this formalism we re-
fer to [13]. When assuming a graphene-covered silicon
waveguide oriented along the ζ direction, we can write
the electric field associated with a waveguide mode as
proportional to eµ(x, y)e
ikµζ , where µ = p indicates the
mode profile excited by the pump laser used; we assume
the normal to the top of the waveguide to be yˆ. When
determining this modal field using mode solver software,
we incorporate the linear optical properties of silicon (as-
sumed lossless at the wavelength of interest), and treat
the graphene layer as a thin sheet with thickness dgr on
top of the waveguide. We employ the function sSi(x, y)
(sgr(x, y)) to indicate where the silicon (graphene) is sit-
uated; sSi(x, y) = 1 (sgr(x, y) = 1) where the silicon
(the thin layer modeling the graphene) is present and
sSi(x, y) = 0 (sgr(x, y) = 0) where the silicon (the thin
layer modeling the graphene) is absent. We obtain the
following formula for the effective Kerr nonlinearity mea-
sured in the self-phase modulation experiments with the
graphene-covered silicon waveguides:
6γgr-on-SOI = γSOI,weighted + γgr,weighted
=
(
4v2pI
2
p
)−1
3ǫ0ωpχ
(3),ijkl
Si
∫ (
eip(x
′, y′)
)∗
ejp(x
′, y′)
(
ekp(x
′, y′)
)∗
elp(x
′, y′)sSi(x
′, y′) dx′dy′
+
(
4v2pdgrI
2
p
)
−1
3iσ(3),ijklgr
∫ (
eip(x
′, y′)
)∗
ejp(x
′, y′)
(
ekp(x
′, y′)
)∗
elp(x
′, y′)sgr(x
′, y′) dx′ dy′,
(A.1)
with γSOI,weighted and γgr,weighted the weighted nonlin-
earity contributions from the underlying SOI waveguide
and the graphene top layer, respectively. vp and Ip are
scaling factors defined in [13], ǫ0 is the dielectric permit-
tivity, ωp is the pump frequency, χ
(3),ijkl
Si represents the
third-order Kerr-nonlinear susceptibility of silicon, and
σ
(3),ijkl
gr is the third-order Kerr-nonlinear conductivity of
graphene. The latter can be converted to a susceptibility
using χ = σ/(−iωǫ0dgr) [19].
ACKNOWLEDGMENTS
This work was supported by the ERC-FP7/2007-2013
grant 336940, the EU-FET GRAPHENICS project
618086, the Hercules-stichting grant UABR/007/09,
the FWO project G.A002.13N, the EU-FP7 Graphene
Flagship 604391, VUB-OZR, BELSPO-IAP, and
Methusalem.
[1] E. Hendry, P. J. Hale, J. Moger, A. K. Savchenko, and
S. A. Mikhailov, Coherent Nonlinear Optical Response
of Graphene, Phys. Rev. Lett. 105, 097401 (2010).
[2] R. Holzwarth, T. Udem, T. W. Hansch, J. C. Knight, W.
J. Wadsworth, and P. S. J. Russell, Optical Frequency
Synthesizer for Precision Spectroscopy, Phys. Rev. Lett.
85, 2264 (2000).
[3] T. J. Kippenberg, R. Holzwarth, and S. A. Diddams,
Microresonator-Based Optical Frequency Combs, Science
332, 555 (2011).
[4] N. Savage, Supercontinuum sources, Nat. Phot. 3, 114
(2009).
[5] H. Zhang, S. Virally, Q. Bao, L. K. Ping, S. Massar, N.
Godbout, and P. Kockaert, Z-scan measurement of the
nonlinear refractive index of graphene, Opt. Lett. 37,
1856 (2012).
[6] T. Gu, N. Petrone, J. F. McMillan, A. van der Zande,
M. Yu, G. Q. Lo, D. L. Kwong, J. Hone, and C. W.
Wong, Regenerative oscillation and four-wave mixing in
graphene optoelectronics, Nat. Phot. 6, 554 (2012).
[7] H. Zhou, T. Gu, J. F. McMillan, N. Petrone, A. van der
Zande, J. C. Hone, M. Yu, G. Lo, D.-L. Kwong, G. Feng,
S. Zhou, and C. W. Wong, Enhanced four-wave mixing in
graphene-silicon slow-light photonic crystal waveguides,
Appl. Phys. Lett. 105, 091111 (2014).
[8] M. Ji, H. Cai, L. Deng, Y. Huang, Q. Huang, J. Xia, Z.
Li, J. Yu, and Y. Wang, Enhanced parametric frequency
conversion in a compact silicon-graphene microring res-
onator, Opt. Express 23, 18679 (2015).
[9] X. Hu, Y. Long, M. Ji, A. Wang, L. Zhu, Z. Ruan,
Y. Wang, and J. Wang, Graphene-silicon microring res-
onator enhanced all-optical up and down wavelength con-
version of QPSK signal, Opt. Express 24, 7168 (2016).
[10] G. P. Agrawal, Nonlinear Fiber Optics (Academic Press,
4th ed., 2007).
[11] S. C. Pinault and M. J. Potasek, Frequency broadening
by self-phase modulation in optical fibers, J. Opt. Soc.
Am. B 2, 1318 (1985).
[12] D. Castello´-Lurbe and E. Silvestre, Supercontinuum gen-
eration in silicon waveguides relying on wave-breaking,
Opt. Express 23, 25462 (2015).
[13] N. Vermeulen, J. L. Cheng, J. E. Sipe, and H. Thien-
pont, Opportunities for wideband wavelength conversion
in foundry-compatible silicon waveguides covered with
graphene, IEEE J. Sel. Top. Quantum Electron. 22,
8100113 (2016).
[14] O. Boyraz, T. Indukuri, and B. Jalali, Self-phase-
modulation induced spectral broadening in silicon waveg-
uides, Opt. Express 12, 829 (2004).
[15] A. D. Bristow, N. Rotenberg, and H. M. van Driel, Two-
photon absorption and Kerr coefficients of silicon for 850–
2200 nm, Appl. Phys. Lett. 90, 191104 (2007).
[16] http://www.epixfab.eu/
[17] J. Van Erps, T. Ciuk, I. Pasternak, A. Krajewska, W.
Strupinski, S. Van Put, G. Van Steenberge, K. Baert, H.
Terryn, H. Thienpont, and N. Vermeulen, Laser ablation-
and plasma etching-based patterning of graphene on
silicon-on-insulator waveguides, Opt. Express 23, 26639
(2015).
[18] T. Ciuk, I. Pasternak, A. Krajewska, J. Sobieski, P. Ca-
ban, J. Szmidt, and W. Strupinski, Properties of Chem-
ical Vapor Deposition Graphene Transferred by High-
Speed Electrochemical Delamination, J. Phys. Chem. C
117, 20833 (2013).
[19] J. L. Cheng, N. Vermeulen, and J. E. Sipe, Third order
optical nonlinearity of graphene, New J. Phys. 16, 053014
(2014).
[20] J. L. Cheng, N. Vermeulen, and J. E. Sipe, Third-order
nonlinearity of graphene: Effects of phenomenological re-
laxation and finite temperature, Phys. Rev. B 91, 235320
(2015).
[21] J. L. Cheng, N. Vermeulen, and J. E. Sipe, Numerical
study of the optical nonlinearity of doped and gapped
graphene: From weak to strong field excitation, Phys.
Rev. B 92, 235307 (2015).
7[22] A. Castellanos-Gomez, Why all the fuss about 2D semi-
conductors?, Nat. Phot. 10, 202 (2016).
[23] D. S. Hum and M. M. Fejer, Quasi-phasematching, C. R.
Physique 8, 180 (2007).
